Background. Occult metastatic tumors, below imaging thresholds, are a limitation of staging systems that rely on cross-sectional imaging alone and are a cause of the routine understaging of pancreatic ductal adenocarcinomas (PDACs). We investigated circulating tumor cells (CTCs) as a preoperative predictor of occult metastatic disease and as a prognostic biomarker for PDAC patients. Experimental Design. A total of 126 patients (100 with cancer, 26 with benign disease) were enrolled in our study and CTCs were identified and enumerated from 4 mL of venous blood using the microfluidic NanoVelcro assay. CTC enumeration was correlated with clinicopathologic variables and outcomes following both surgical and systemic therapies. Results. CTCs were identified in 78% of PDAC patients and CTC counts correlated with increasing stage (q = 0.42, p \ 0.001). Of the 53 patients taken for potentially curative surgery, 13 (24.5%) had occult metastatic disease intraoperatively. Patients with occult disease had significantly more CTCs than patients with local disease only (median 7 vs. 1 CTC, p \ 0.0001). At a cutoff of three or more CTCs/4 mL, CTCs correctly identified patients with occult metastatic disease preoperatively (area under the receiver operating characteristic curve 0.82, 95% confidence interval (CI) 0.76-0.98, p \ 0.0001). CTCs were a univariate predictor of recurrence-free survival following surgery [hazard ratio (HR) 2.36, 95% CI 1.17-4.78, p = 0.017], as well as an independent predictor of overall survival on multivariate analysis (HR 1.38, 95% CI 1.01-1.88, p = 0.040). Conclusions. CTCs show promise as a prognostic biomarker for PDAC patients at all stages of disease being treated both medically and surgically. Furthermore, CTCs demonstrate potential as a preoperative biomarker for identifying patients at high risk of occult metastatic disease.
ABSTRACT
Background. Occult metastatic tumors, below imaging thresholds, are a limitation of staging systems that rely on cross-sectional imaging alone and are a cause of the routine understaging of pancreatic ductal adenocarcinomas (PDACs). We investigated circulating tumor cells (CTCs) as a preoperative predictor of occult metastatic disease and as a prognostic biomarker for PDAC patients. Experimental Design. A total of 126 patients (100 with cancer, 26 with benign disease) were enrolled in our study and CTCs were identified and enumerated from 4 mL of venous blood using the microfluidic NanoVelcro assay. CTC enumeration was correlated with clinicopathologic variables and outcomes following both surgical and systemic therapies. Results. CTCs were identified in 78% of PDAC patients and CTC counts correlated with increasing stage (q = 0.42, p \ 0.001). Of the 53 patients taken for potentially curative surgery, 13 (24.5%) had occult metastatic disease intraoperatively. Patients with occult disease had significantly more CTCs than patients with local disease only (median 7 vs. 1 CTC, p \ 0.0001). At a cutoff of three or more CTCs/4 mL, CTCs correctly identified patients with occult metastatic disease preoperatively (area under the receiver operating characteristic curve 0.82, 95% confidence interval (CI) 0.76-0.98, p \ 0.0001). CTCs were a univariate predictor of recurrence-free survival following surgery [hazard ratio (HR) 2.36, 95% CI 1.17-4.78, p = 0.017], as well as an independent predictor of overall survival on multivariate analysis (HR 1.38, 95% CI 1.01-1.88, p = 0.040). Conclusions. CTCs show promise as a prognostic biomarker for PDAC patients at all stages of disease being treated both medically and surgically. Furthermore, CTCs demonstrate potential as a preoperative biomarker for identifying patients at high risk of occult metastatic disease.
Pancreatic ductal adenocarcinoma (PDAC) ranks fourth in cancer-related mortality in the US due to late presentation and resistance to systemic therapy; however, the recent success of multidrug regimens has begun to change this paradigm.
1,2 Tumor staging by cross-sectional imaging alone, the current practice standard, routinely understages PDAC patients, as evidenced by high recurrence rates and the low survival benefit of curative-intent surgery. [3] [4] [5] Due to the historic inadequacies of systemic therapy in PDAC, a 'surgery first' mentality for all patients with even a remote chance of cure could be justified. However, the success of multidrug regimens calls into question the survival benefit of pancreatic resections for patients who almost certainly have occult metastatic disease below the detection limit of cross-sectional imaging. Recent studies have even demonstrated a potential survival benefit for neoadjuvant therapy in patients with very early-stage disease. 3, 6 These studies highlight the need for better pretreatment biomarkers for staging and prognostication in PDAC to inform first-line therapy decision making.
Circulating tumor cells (CTCs), cells of tumor origin circulating in the blood, are thought to represent the intravasated tumor stage, between the formation of an invasive cancer and its eventual distant metastasis. 7, 8 CTCs are found in the blood of patients with all epithelial tumors and have been studied as a biomarker in numerous cancer types. 8 We have previously used the single-cell sequencing ability of the microfluidic NanoVelcro CTC assay to validate our immunocytochemical (ICC) CTC definition by confirming the tumor origin of PDAC CTCs through demonstration of mutational congruence between the primary tumor and the isolated CTCs. 9 We then used our PDAC CTC assay to show that CTCs are present in the majority of PDAC patients, but not patients with non-malignant pancreatic disease, and that CTCs may have utility as a diagnostic biomarker at the time of disease presentation. 10 In this study, we evaluated CTC enumeration as a pretreatment biomarker for prognosis and therapeutic planning in PDAC patients. Specifically, we investigated if CTCs could help identify patients with occult metastatic disease, defined as the presence of metastatic disease that is not detected by cross-sectional imaging. Separately, we investigated the strength of association between CTC enumeration and survival, both alone and in conjunction with other variables previously identified as prognostic.
MATERIALS AND METHODS
Between December 2012 and March 2015, we approached patients presenting to our multispecialty pancreatic clinic with suspicion for, or diagnosis of, malignant pancreatic disease and enrolled them under IRB #11-002112. Exclusion criteria included any malignancies within the past 5 years, active inflammatory bowel disease, or suspicion of pancreatic neuroendocrine tumor. A database of demographic, laboratory, and relevant clinicopathologic variables was prospectively maintained. Diagnosis was confirmed by biopsy or surgical pathology whenever possible, and radiographically when a tissue diagnosis was not available. Patients were assessed as having early-stage, locally advanced, or metastatic disease preoperatively using cross-sectional imaging via a pancreas protocol, contrast-enhanced computerized tomography (CT) or magnetic resonance imaging (MRI) scan. TNM stage was assessed using the American Joint Committee on Cancer (AJCC) staging manual.
11
Peripheral venous blood (VB) was collected and CTC enumeration performed using the NanoVelcro CTC assay, as previously described and detailed in the electronic supplementary methods. 12 Each NanoVelcro chip can process 2 mL of VB, and samples were run on two chips in parallel. Thus, CTC counts are reported per 4 mL of blood throughout the manuscript. CTC enumeration was performed on an Eclipse 90i fluorescent microscope using NAS Elements 4.1 software (Nikon, Tokyo, Japan). White blood cells were defined as round/ovoid (DAPI?/CD45?/ CK-), and CTCs were defined as round/ovoid, size C 6 lm (DAPI?/CD45-/CK?). Any CD45 positivity greater than 2 9 background discounted a cell as being a CTC. Final CTC counts are represented as a total count per 4 mL of VB.
Statistical Methods
Differences in CTC number or cancer antigen (CA) 19-9 levels were evaluated using the non-parametric MannWhitney U test, cut-off points for CTC enumeration were evaluated using Cutoff Finder, 13 and diagnostic performance of CTCs was evaluated using receiver operating characteristic curves (ROCs) for determination of the area under the curve (AUROC) in addition to sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) calculations. Survival curves were computed using Kaplan-Meier methods and compared by log-rank (Mantel-Cox) tests. Univariate analysis of predictors was performed using a Cox regression model, and significant (p \ 0.15) factors were subsequently entered into a multivariate Cox model to identify independent predictors of overall survival (OS) and recurrence-free survival (RFS). CA19-9 and CTC values had skewed distributions originally and were log-transformed to a normal distribution for use in survival analysis. A two-tailed p value \ 0.05 was considered statistically significant throughout the study. All statistical analyses and calculations were performed with the assistance of R version 3.3.2 (The R Project, Vienna, Austria).
RESULTS

Patient Characteristics
We approached 138 patients, of whom 126 were enrolled successfully, as outlined in the Methods section (Fig. 1) . The clinical, laboratory, radiologic, and treatment characteristics of the 126 patients are summarized in Table 1 . For the 100 patients with a diagnosis of PDAC, on cross-sectional imaging at the time of blood draw, the median tumor diameter was 3.5 cm [interquartile range (IQR) 2.2-4.0]. Of patients with local disease only (n = 71), 31 (43.7%) demonstrated involvement of the mesenteric vessels and were classified as locally advanced. Thus, by cross-sectional imaging, 9% had AJCC stage 1 disease, 31% had stage 2 disease, 31% had stage 3 disease, and 29% had stage 4 disease (Fig. 1) .
Of the 53 patients taken to the operating room for potentially curative surgery, 17 (32.1%) had received chemotherapy prior to the operation. The blood draws for all surgical patients occurred on the day of surgery prior to induction of anesthesia. The operative plan included a Whipple procedure in 37 (69.8%) patients and a distal pancreatectomy in 16 (30.2%) patients. Furthermore, 13 (24.5%) of the 53 patients were found to have metastatic disease not detected on cross-sectional imaging intraoperatively, referred to as occult metastatic disease (Fig. 1 ). Of these 13 patients, 3 (23.1%) cases were discovered during diagnostic laparoscopy and the rest during exploratory laparotomy. The site of metastasis was the liver in 6 (46.2%) patients, and other peritoneal sites in 7 (53.9%) patients. All 13 patients subsequently underwent 
Enumeration of Circulating Tumor Cells (CTCs)
CTC counts were assessed from 4 mL of VB for all patients. CTCs were found in 78/100 (78%) PDAC patients, and one or more CTCs per 4 mL of VB were detected in 4/9 (44.4%) stage I, 23/31 (74.2%) stage II, 24/31 (77.4%) stage III, and 27/29 (93.1%) stage IV PDAC patients (Fig. 2a) . CTC count correlated with increasing stage of disease (q = 0.42, p \ 0.001) For patients with non-malignant pancreatic disease, 1/26 (3.8%) patients was found to have a single CTC. This patient had a 6 cm complex cyst, non-diagnostic cyst fluid analysis, and a lack of malignant cells on fine-needle aspiration. The patient was followed for over 4 years and did not demonstrate any signs of invasive disease. No other patients with benign pancreatic disease developed PDAC over the course of the study. CTC counts did not correlate with CA19-9 levels (q = 0.20, p = 0.064), or with age or sex (data not shown).
CTCs as a Predictive Biomarker for Surgical Resection
We evaluated CTC enumeration as a preoperative biomarker predicting the presence of occult metastatic disease among the 53 patients taken for potentially curative surgery. Occult metastatic disease was found in 13 (24.5%) patients intraoperatively, and these patients had a median of seven CTCs (IQR 3-13), versus one CTC (IQR 0-2) in Table 1 . b Performance of CTCs as a preoperative predictor of occult metastatic disease in the subset of patients with untreated tumors (n = 36). CTC enumeration is displayed for patients with successfully resected tumors versus those found to have occult metastatic disease intraoperatively.
c Comparison of the performance of CTCs and CA19-9 in the preoperative detection of patients with occult metastatic disease in the subset of patients with untreated tumors (n = 36). CTC circulating tumor cell, AJCC American Joint Committee on Cancer, VB venous blood, CA19-9 cancer antigen 19-9, AUROC area under the receiver operating characteristic curve patients with localized disease (p \ 0.0001). Among the 36 patients without prior chemotherapy, a median of eight CTCs (IQR 3-12) were found in the 10 patients with occult metastatic disease, versus one CTC (IQR 0-2) in the 26 patients with localized disease (p \ 0.0001) (Fig. 2b) . For patients who received downstaging chemotherapy, the results were similar, with a median CTC count of seven (IQR 4-12) for patients with occult disease, versus one CTC (IQR 1-5) for those with localized tumors.
For all surgical patients, at the optimized cut-off of three or more CTCs/4 mL of VB, CTCs were able to preoperatively distinguish patients with occult metastatic disease from those with potentially curable, localized tumors, with a sensitivity of 85%, specificity of 80%, PPV of 94%, NPV of 58%, and AUROC of 0.82 (95% confidence interval [CI] 0.76-0.98, p \ 0.0001). Similarly, for the untreated patients only (n = 36), three or more CTCs/4 mL of VB distinguished patients with occult metastatic disease, with a sensitivity of 90%, specificity of 88%, PPV of 96%, NPV of 75%, and AUROC of 0.93 (95% CI 0.83-1.00, p \ 0.001) (Fig. 2c) . For comparison, CA19-9, at the optimum cut-off of 500 U/mL, distinguished patients with potentially curable tumors from those with advanced disease, with a sensitivity of 60.0%, specificity of 77.3%, PPV of 81.0%, NPV of 54.5%, and AUROC of 0.62 (95% CI 0.37-0.87, p = 0.084) (Fig. 2c ).
Outcomes and Survival Analysis
Patients were followed for a minimum of 24 months after blood draw, and the median survival time for all PDAC patients was 16.8 months (IQR 7.4-33.3). At the time of analysis, 38/100 (38.0%) remained alive. OS for patients with occult metastatic disease was nearly identical to patients with radiologically apparent metastatic disease, and was significantly shorter than that of patients who underwent successful resection [hazard ratio (HR) 3.6, 95% CI 1.75-7.73, p \ 0.001] (Fig. 3a) . We performed a univariate analysis of potential preoperative indicators of prognosis, including CTC count, CA19-9 level, and radiographic indicators (Table 2) . For all patients, regardless of stage, CTC count was strongly associated with survival from the time of blood draw (HR 1.69, 95% CI 1.28-2.25, p \ 0.001) (Fig. 3b) . Additional factors associated with shorter survival on univariate analysis included age, presence of metastatic disease, and CA19-9 level (Table 2) . To determine the subset of factors that provided independent information on survival time, a Cox proportional hazards model was developed. We used multivariate Cox regression analysis at a stringency level of p \ 0.15 on univariate analysis to include factors. The factors that produced the strongest independent association with survival time were age (per year; HR 1.04, 95% CI 1.01-1.07, p = 0.009), presence of metastatic disease (HR 2.04, 95% CI 1.11-3.74, p = 0.022), and CTC count (per log unit; HR 1.38, 95% CI 1.01-1.88, p = 0.040) ( Table 2) . We next limited our analysis to just the 53 patients taken for potentially curative surgery. Again, CTCs were found to be an independent predictor of OS (HR 2.48, 95% CI 1.32-4.67, p = 0.0048).
Recurrence
Of the 40 patients successfully resected, 26 (65%) developed a recurrence (Fig. 3c) and 22 (55%) died, with a median survival for all resected patients of 28.5 months. Median survival was 33.1 months in preoperatively untreated patients versus 21.7 months in patients receiving neoadjuvant chemotherapy prior to resection; however, the difference in median survival was not statistically significant (p = 0.33). Univariate preoperative predictors of PDAC recurrence when accounting for the competing risk of non-cancer-related death are shown in electronic supplementary Table 1 . On univariate analysis, tumors were more likely to recur in patients who received downstaging chemotherapy (HR 3.34, p = 0.001) and patients with higher CTC counts (per log unit; HR 2.65, p = 0.017). When the analysis was limited to the subset of early-stage patients who did not receive neoadjuvant therapy, CTC counts were no longer associated with shorter time to recurrence (HR 2.57, p = 0.08). On multivariate analysis, CTC counts were not found to be independently predictive of shorter time to recurrence (electronic supplementary Table 1 ).
DISCUSSION
The combination of late presentation and resistance to systemic therapy makes PDAC one of the most deadly malignancies; however, the recent successes of multidrug regimens and the anecdotal success of early-phase trials of new targeted and immune therapies may finally change this paradigm.
14 Tumor staging by cross-sectional imaging alone routinely understages PDAC patients, as evidenced by high recurrence rates and low survival benefit of curative-intent surgery. Furthermore, multiple studies have demonstrated that a 'surgery first' paradigm for borderline resectable, and even early-stage, patients does not result in a survival benefit and may in fact decrease survival. 3, 6 Additionally, for borderline resectable patients who have undergone neoadjuvant chemotherapy, studies have demonstrated that cross-sectional imaging is no longer an accurate predictor of the extent of local disease. 15 Thus, there is a pressing need for new biomarkers to complement cross-sectional imaging, in particular for the identification of patients likely to benefit from non-surgical treatments first.
In the present study, we investigated CTCs as a biomarker for staging and prognostication of PDAC. We enrolled patients at all stages of disease undergoing a variety of treatment modalities and determined how CTC enumeration correlated with clinicopathologic variables, surgical therapy, and survival outcomes. The current study builds on our previous investigation of CTCs as a diagnostic biomarker 10 by demonstrating the prognostic and predictive ability of CTCs for PDAC patients. We believe that our most significant finding was the predictive ability of CTCs for occult metastatic disease in the preoperative setting. Using the cut-off of three or more CTCs, we could differentiate patients with occult metastatic disease from those with localized, potentially curable tumors (AUROC 0.93 for untreated patients). This represents a significant improvement over the only widely available biomarker in PDAC, serum CA19-9 (AUROC 0.619). Radiographic criteria, including tumor size and mesenteric vessel involvement, were also not predictive of occult metastatic disease. Importantly, the survival curves of patients with occult metastatic disease reflected that of patients with radiographically detectable metastatic disease and not that of early-stage patients or even locally advanced patients who underwent downstaging chemotherapy (Fig. 3a) . While our study is small, the rate of occult metastatic disease in our patient cohort (13/53, 24.5%) was similar to the average rate for all patients taken to surgery at our institution between 2008 and 2013 (53/192, 27.6%). Thus, we believe our cohort is representative and that CTCs may prove useful as a predictive biomarker in the difficult decision of pursuing local versus systemic therapy as an initial treatment modality. However, our study was not able to determine if CTC counts predicted patients who were likely to respond to neoadjuvant therapy, or if neoadjuvant therapy provided a survival benefit for patients in our study. In addition to their predictive significance for occult metastatic disease, we found CTCs to have prognostic value at all stages of disease and for both surgical and systemic therapies. Like previous studies in PDAC, as well as other solid tumors, CTCs were associated with worse outcomes and were an independent predictor of OS for all patients in our cohort. [16] [17] [18] [19] [20] To our knowledge, our study is the largest to date utilizing a microfluidic platform for CTC enumeration in PDAC; however, its size is still limited for subgroup analyses of surgical outcomes. Our median CTC count for PDAC patients was 2 (IQR 1-6), lower than that found using other techniques such as filters or flow cytometry. 16, [20] [21] [22] One possibility is that our use of only 4 mL of VB may be too low to accurately establish the number of CTCs, especially in early-stage patients. In future studies we will assess the utility of larger blood volumes.
CONCLUSIONS
CTCs detected using the NanoVelcro platform show promise as a prognostic biomarker for PDAC patients at all stages of disease. Furthermore, CTCs demonstrate potential as an adjunctive biomarker to detect potential occult metastatic disease in patients with local disease being considered for surgical resection. Given the high recurrence rate after surgical resection, we see a potential application for surgical decision making, especially in the subset of patients already at increased risk of recurrence, such as those with borderline resectable tumors at high risk of having occult metastatic disease. HR hazard ratio, CI confidence interval, CA19-9 cancer antigen 19-9, CTC circulating tumor cell a n = 91 b n = 90
